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Tobacco exposure, a diet high in cholesterol 
and genetic predisposition to elevated lipids 
has been linked to premature atherosclerosis, 
cardiovascular diseases, cardiovascular dis-
ability, and death [1,2]. Until now, the primary 
hypothesis that linked elevated cholesterol to 
such dysfunction has been vascular, mainly 
focusing on the development of atherosclerotic 
changes in the blood vessels. However, new 
findings suggest that heart muscle can develop 
dysfunctional Ca2+ cycling leading to cell death 
from elevated levels of serum cholesterol deriva-
tives, the oxysterols, which already were demon-
strated to contribute to the development of such 
diseases as age-related macular degeneration, 
Alzheimer’s disease, and osteoporosis [3].

Macrophages play a central role in atherogen-
esis due to the accumulation of cholesterol, and 
the production of inflammatory mediators and 
cytokines. Recently, macrophages and macro-
phage-derived ‘foam cells’ were also demon-
strated to produce oxysterols, which can induce 
apoptosis of macrophages themselves, as well as 
in neighboring endothelial and smooth muscle 
cells [4,5]. In advanced lesions, this promotes the 
development of the necrotic core, a key factor 
leading to acute luminal thrombosis [6]. 

When macrophage oxysterols are released 
directly to coronary arteries, they could also 
reach harmful levels in cardiac cells. However, 
the effects of oxysterols on cardiac myocytes 
remain largely unknown. The purpose of this 
article is to discuss the possible mechanisms 
underlying effects of oxysterols in cardiac 
myocytes. Based on the analysis of effects of 

oxysterols on smooth muscle cells and our pre-
liminary data concerning effects of oxysterols 
on Ca2+ signaling in ventricular myocytes [7], the 
article discusses some possible mechanisms of 
such effects. For detailed reviews of oxysterols, 
their nomenclature, generation, and biological 
effects see Brown and Jessup [8], Schroepfer [4], 
and Vejux et al. [3].

Oxysterols 
Oxysterols are biologically active molecules 
generated during the oxidation of cholesterol. 
There are two mechanisms for oxysterol pro-
duction: autoxidation and enzymatic oxidation. 
In cholesterol, the most sensitive positions for 
autoxidation are 4, 5, 6 and 7 (Figure 1) [3]. It is 
now widely accepted that oxysterols resulting 
from enzymatic synthesis are 7a-, 24S-, 25- and 
27-hydroxycholesterols [3,4,9].

In the plasma lipophilic oxysterols are trans-
ported mainly by low-density lipoproteins 
(LDLs) and, probably, by albumin [3]. Although 
cholesterol itself is not toxic [2,10,11], some cho-
lesterol oxides, 7-ketocholesterol, a-TRIOL 
(cholestan-3b,5a,6b-triol), 7b-hydroxycho-
lesterol, and 25-hydroxycholesterol, have been 
demonstrated to injure vascular endothe-
lial and smooth muscle cells [12–16]. Notably, 
25-hydroxycholesterol is one of the most toxic 
agent in the group [12,13,17]. 

25-hydroxycholesterol and 27-hydroxycho-
lesterol were found in alveolar, peritoneal and 
testicular macrophages and in macrophage-
derived ‘foam cells’ from atherosclerotic tis-
sue [9,11,13,18–20]. Although the mechanisms of 
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accumulation of other oxysterols in ‘foam cells’ 
remains mostly unknown, 25-hydroxycholes-
terol was demonstrated to be produced in mac-
rophages through 25-hydroxylation of cholesterol 
by 25-hydroxylase [20,21] (for oxysterols in other 
tissues see [3,4,9,22]). In regard to the production 
mechanisms of other oxysterols found in ‘foam 
cells’, it is important to consider the paper by 
Zarev et al.  [23]. The authors demonstrated the 
weak ability of ∙OH/O

2
∙- free radicals to initiate 

oxidation of cholesterol in LDLs. This suggests 
that they could be produced primarily in the 
same (enzymatic) way as 25-hydroxycholesterol 
in macrophages.

The reason why macrophages produce oxy
sterols remains unknown. It has been suggested 
that such hydroxylation of cholesterol (Figure 1) to 
oxygenated sterols could serve to remove choles-
terol from the cell and transport it to the liver 
for excretion [4,9,24,25]. However, oxysterols were 
also shown to regulate multiple physiological 
functions. For instance, testicular macrophages 
produce 25-hydroxycholesterol to stimulate ste-
roidogenesis in Leydig cells through a steroido-
genic acute regulatory protein-independent 
pathway [20,26]. Lipophilic oxysterols easily pen-
etrate cell membranes [3,8,9,20,26,27] and, there-
fore, can diffuse from macrophages (or ‘foam 
cells’) into the surrounding endothelial, smooth 
muscle and cardiac cells. 

Reported plasma oxysterol levels in apparently 
healthy humans depend on sample freshness, 
assay method and cholesterol levels [4,8,28,29]. In 
fresh samples levels can vary between tens and 
hundreds of nanomoles  [4]. Increased plasma 
concentrations of oxysterols were demonstrated 
to be associated with an increased risk of ath-
erosclerosis, cardiovascular disease, and dia-
betes  [3,4,8,29–31]. Although the major effect of 
oxysterols is an increase of cytosolic Ca2+ concen-
trations ([Ca2+]

cyt
) [3,14,15,29,32–35], certain under-

lying mechanisms in cardiac myocytes remain 
to be elucidated.

Cardiac Ca2+ handling 
The release of Ca2+ from the sarcoplasmic 
reticulum (SR) is a critical process in the nor-
mal physiology of cardiac myocytes. SR Ca2+ 
cycling is a balance between Ca2+ release and 
uptake [36–38]. In adult mammalian cardiac myo-
cytes, the SR serves as the intracellular Ca2+ pool 
for the regulation of cardiac contraction [39,40]. 
Figure 2 shows the ultrastructure of cardiac myo-
cytes. Ca2+ release occurs in the cleft between 
the SR and sarcolemma of a T-tubule, which 
is enriched SR Ca2+ release channels termed, 
ryanodine receptors (RyRs). The close proximity 
of the SR to the sarcolemma suggests that oxys-
terols could also be involved in the regulation of 
SR Ca2+ cycling.

The initiation of contraction of the cardiac cell 
depends on Ca2+ released from the SR, and the 
SR Ca2+ load depends on the functional state of 
the major SR Ca2+ transporting mechanisms, 
that is to say of the RyR and SR Ca2+-ATPase 
(SERCA). Although SR Ca2+ cycling is regulated 
by multiple mechanisms (including magnesium, 
FKBP12, sorcin, calmodulin, phospholamban, 
protein kinases, etc.), the major mechanism for 
Ca2+ release from the SR is the so-called Ca2+-
induced Ca2+ release [37,41–44]: Ca2+ entering the 
cytosol through sarcolemmal Ca2+ channels acti-
vates the RyRs. Modulation of Ca2+ uptake by 
SERCA or Ca2+ leak/release through the RyRs 
results in corresponding changes in the SR Ca2+ 
load, [Ca2+]

cyt
 and characteristics of spontane-

ous SR Ca2+ release (Figure 3) [38]. Our study on 
spatio-temporal characteristics of elementary 
Ca2+ release events and Ca2+ sparks showed 
that an increase in [Ca2+]

cyt
 can result from: 

first, inhibition of SR Ca2+ uptake; second, an 
increase in Ca2+ leak from the SR through RyRs; 
and third,  SR Ca2+ overload induced by input of 
extracellular Ca2+ [38,45,46].

A Ca2+ spark is a bright and short fluorescent 
signal corresponding to a transient (~10 ms) and 
local (~1 µm3) elevation of [Ca2+] that reflects the 
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Figure 1. Chemical structures of cholestan (with numbering system) and its derivatives, 
cholesterol and one of the most toxic oxysterols, 7-hydroxycholesterol. For more structures 
of oxysterols see [3,8]. 
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activation of greater than 10 RyRs [46–49]. Ca2+ 
sparks can occur spontaneously or be evoked by 
the activation of Ca2+ channels [48,50,51]. Under 
normal conditions, almost all sparks remain 
localized and die out without inducing global 
Ca2+ release. Under conditions of increased cel-
lular Ca2+ load, sparks increase in amplitude 
and frequency and become initiation sites of 
propagating Ca2+ waves [45–47,52]. Our data [38,45] 
demonstrated that changes in the frequency and 
spatio–temporal characteristics of Ca2+ sparks 
directly reflect changes in SR Ca2+ cycling. For 
example, the activation of RyRs reduces spark 
frequency and amplitude, and the activation of 
Ca2+ uptake constantly increases the frequency 
and amplitude. Recording of Ca2+ sparks was 
demonstrated to be a valuable approach for 
revealing mechanisms underlying Ca2+ release 
effects [53].

Defective SR Ca2+ cycling was found to be 
responsible for defective excitation–contraction 
coupling in heart failure [54–62] and was demon-
strated to lead to a variety of cardiac dysfunc-
tions. For example, spontaneous Ca2+ release and 
increased SR Ca2+ leak has been implicated in 
genetic and acquired triggered arrhythmias and 
the initiation of ventricular fibrillation during 
postischemic reflow [60,61,63–71]. 

We conclude that the data from the litera-
ture on arterial smooth muscle cells and our 
recent experiments in cardiac myocytes suggest 
a direct inhibitory effect of oxysterols on the SR 
Ca2+ uptake.

Atherosclerosis
Atherosclerosis is a life-threatening disease that 
affects critical organs including the heart and 
brain [72]. Atherosclerotic plaques (deposits 
of fatty substances, cholesterol, cellular waste 
products, calcium and other substances in the 
inner lining of an artery) usually affect large and 
medium-sized arteries, including coronary arter-
ies (coronary atherosclerosis; [73]). Atherosclerosis 
and its complications, such as coronary heart dis-
ease, ischemic heart disease, heart failure, heart 
infarction and stroke, are the primary causes of 
death in Western countries [1,74,75]. 

While the precise steps leading to atheroscle-
rosis remain elusive [2], postulated steps in ath-
erogenesis show a critical role for inflammation 
in the development of the ‘fatty streak’, progres-
sive atherosclerotic lesions, and the development 
of an occlusive thrombus [75–78]. In short, blood 
monocytes traverse the endothelial intercel-
lular space and are deposited in the subendo-
thelial layers where they are transformed into 

macrophages. During the various stages of ath-
erogenesis the number of macrophages in the 
‘fatty streak’ could increase due to the expres-
sion of various cytokines, which are potent che-
moattractants for inflammatory cells including 
macrophages [76]. The formation of oxysterols 
owing to the oxidation of the cholesterol-rich 
LDL accelerates the uptake of cholesterol into 
macrophages, thereby leading to the next step 
– the formation of the cholesterol-laden ‘foam 
cell’ [12,76,79]. 

It is notable that oxysterols induce apoptosis 
of macrophages themselves and in neighboring 
endothelial and smooth muscle cells [4,5] promot-
ing the development of the necrotic core, a key 
factor leading to acute luminal thrombosis  [6]. 
Although functional effects of oxysterols on 
noncardiac muscle cells have been described very 
well, the underlying mechanisms of the effects 
and the role of oxysterols in the development 
of atherosclerosis-related heart failure remain 
largely unknown.

Heart failure 
Heart failure is a syndrome with many different 
well-described causes, including myocardial inf-
arction, pressure overload, volume overload, viral 
myocarditis, toxic cardiomyopathy, mutations 
in genes encoding for sarcomeric or cytoskeletal 
proteins, and valve diseases [59]. 

Heart failure develops when the amount of 
blood pumped from the heart is inadequate to 
meet the metabolic demands of the body [59,80]. 
Although the later stages of the disease are well 
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Figure 2. Ultrastructure of ventricular myocyte. The electron micrographs 
demonstrate peri-T-tubule region in ventricular myocyte. Longitudinal ultrathin 
section, Epon embedding. Solid arrows show ryanodine receptors (RyRs). White 
arrows show structures connecting the mitochondrion and the SR. 
M: Mitochondrion; SR: Sarcoplasmic reticulum; T: T-tubule; Z: Z-line.  
Reproduced with permission from [120]. 
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characterized (hypertrophy, and abnormal exci-
tation-contraction coupling and Ca2+ handling; 
for reviews see refs. [59,74]), the starting stages 
of heart failure are not specifically related to 
specific pathological processes and are usually 
characterized just as depressed contractility [80]. 
In the case of atherosclerosis, the primary mech-
anism inducing the cascade of events leading to 
heart failure has not been identified. 

Some studies suggest that the primary mecha-
nism could be related to macrophage oxysterols. 
Blum and Miller [81] and later Tomaselli and 
Zipes[74] demonstrated that inflammatory pro-
cesses are directly involved in cardiac depression 
and in the complex syndrome of heart failure. 
Also, oxysterols have been demonstrated to be 
involved in the pathogenesis of the early stages 
of atherosclerosis [2]. Similar to atherosclerotic 
complications described for smooth muscle 
cells, the effect of oxysterols on cardiomyocytes 
could be mediated by mitogen-activated protein 
kinases (MAPKs). Indeed, activation of the p38 
MAPK was demonstrated to cause deleterious 
cardiac contractile dysfunction by decreas-
ing myofilament response to Ca2+ [82] through 
downregulation of SERCA expression [83] and/
or via p38-dependent production of reactive oxy-
gen species  [84]. However, the last statement is 
contrary to the widely accepted hypothesis that 
p38 MAPK activation enhances cardiac myocyte 
survival in response to apoptotic stimuli [85]. This 

paper suggests that, at least in the case of athero-
sclerosis-induced heart failure, the onset of dys-
function could be initiated by the direct effects 
of oxysterols on the mechanisms underlying SR 
Ca2+ cycling and/or by regulating the activity of 
MAPKs. Indeed, the abnormalities in Ca2+ han-
dling during heart failure (such as an increase in 
resting [Ca2+]

cyt
 [86]) are similar to those caused 

by oxysterols. Thus, the increasing effect of the 
oxysterols on cytosolic [Ca2+] could eventually 
result in MAPK-induced cell death [87]. 

Oxysterol-induced changes in cell 
ultrastructure & function

It is now widely accepted that oxysterols have 
cytotoxic and proinflammatory effects [3,4,34,88]. 
The quantification of oxysterols in LDL extracts 
and the comparison with the toxicity of authen-
tic standards indicate that some of them are also 
present at levels harmful to muscle cells [9,89]. 
Indeed, oxysterols were demonstrated to have 
strong effects on the surrounding cells. These 
effects include: reduction in lipoprotein lipase 
mRNA and decrease in lipoprotein lipase activ-
ity; downregulation of Bcl-2 expression; acti-
vation of caspases; degradation of poly(ADP-
ribose) polymerase - a substrate for caspase 3 and 
a key enzyme involved in genome surveillance 
and DNA repair; production of reactive oxygen 
species; opening of mitochondrial permeability 
transition pore; activation of glycogen synthase 
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Figure 3. Simplified schematic of dynamic control of SR Ca2+. Ca2+ in the SR luminal and 
cytosolic compartments of the cell during pharmacological interventions either enhancing the activity 
of the SERCA pump (A) or reducing the activity of the RyR (B). (A) Stimulation of the SERCA pump 
increases SR Ca2+ ([Ca2+]

SR
) (1) which, in turn, stimulates more Ca2+ efflux through RyR channels 

(2). This enhanced Ca2+ efflux reduces [Ca2+]
SR

 (3). (B) Inhibition of RyRs (1) decreases Ca2+ efflux 
through RyR channels. This reduced Ca2+ efflux increases [Ca2+]

SR
 (2) which, in turn, stimulates the 

opening of more RyRs (3).  
SERCA: Sarco/endoplasmic reticulum Ca2+-ATPase; SL: Sarcolemma; SR: Sarcoplasmic reticulum. 
Adapted with permission from [38]. 
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kinase-3b; increased synthesis of interleukin-8, 
which is an attractant for T-lymphocytes; 
inhibition of proliferation of resting T  cells; 
depletion of thapsigargin-releasable Ca2+ 
stores; activation of MAPKs; fragmentation of 
DNA; alterations in cell morphology; and cell 
death [2,3,11,13–16,32,34,77,89–95]. The effects could 
be divided into two groups: short-term effects 
on cell physiology and long-term effects that 
involve changes in cell morphology and lead to 
cell death.

Effects of oxysterols on cell physiology
Lipophilic oxysterols are able to enter intracel-
lular membranes and affect the structure and 
function of membrane-associated proteins [8]. In 
aortic smooth muscle cells 10 µM 7b-hydroxy-
cholesterol and 25-hydroxycholesterol were 
shown to inhibit activities of Na+-K+-ATPase, 
5́ -nucleotidase, and SERCA  [32,96]. Long-term 
effects of the oxysterols are probably mediated 
by their influence on Ca2+ homeostasis in target 
cells. Recently Rusinol et al. [33] demonstrated 
that oxysterols at concentrations higher than 
1  µg/ml mediated the apoptotic cytotoxicity 
of oxidized low density lipoprotein, increasing 
intracellular [45Ca2+] in minutes. The increase 
in intracellular Ca2+ was prevented by the Ca2+ 
channel blocker nifedipine, and the authors 
concluded that oxysterols affect membrane 
Ca2+ channels. However, the nifedipine-sen-
sitive channels (dihydropyridine receptor or 
l-type Ca2+ channels) are also major channels 
for replenishing SR Ca2+. Therefore, by inhib-
iting the major membrane Ca2+ input by nife-
dipine, the authors significantly reduced the SR 
Ca2+ load. 

Although cell membranes can accumulate oxy-
sterols, and at high concentrations (~100 µM) 
oxysterols induce a lactate dehydrogenase leak 
through cardiac membranes [27], it is very doubt-
ful that they affect voltage-dependent dihydro-
pyridine-sensitive Ca2+ channels  [97]. Indeed, 
Ares et al. [15] demonstrated that although the 
effects of 7b-hydroxycholesterol were depen-
dent on extracellular [Ca2+], verapamil, an 
inhibitor of Ca2+ channels, did not prevent the 
effects. The short-term (minutes) application of 
25-hydroxycholesterol or 7b-hydroxycholesterol 
to aortic smooth muscle cells induced a signifi-
cant increase in [Ca2+]

cyt
, [Ca2+] oscillations and 

the emptying of the SR of Ca2+ [14,15]. This sup-
ported older data presented by Zhou et al. [32]. In 
1991 they demonstrated a significant inhibition 
of SERCA activity by 25-hydroxycholesterol in 
bovine arterial smooth muscle cells [32]. 

Our recent experiments in ventricular myo-
cytes demonstrated that within minutes both 
7b- and 25-hydroxycholesterol significantly 
inhibited cell responses to electrical stimula-
tions, increased resting cytoplasmic [Ca2+]

cyt
, 

reduced the SR Ca2+ content and frequency 
of Ca2+ sparks, and slowed down SR Ca2+ 
uptake by SR microsomes [7]. Based on our 
reports  [38,53], we can explain these oxysterol 
effects in cardiac myocytes only by an inhibition 
of SERCA. Indeed, inhibition of SERCA has to 
lead to long-term Ca2+ emptying of the SR and a 
temporary increase in [Ca2+]

cyt
 [38]. It is doubt-

ful that this short-term increase in [Ca2+]
cyt

 will 
induce ultrastructural remodeling and/or death 
of cardiac myocytes because drastic increases 
in [Ca2+]

cyt
 during contractions are normal for 

their physiology. However, a long-term reduc-
tion in the SR Ca2+ load was demonstrated to 
lead to a long-term increase in levels of cytosolic 
Ca2+ due to an increase in import of extracellular 
Ca2+ through transient receptor potential (TRP) 
channels and l-type Ca2+ channels (DHPR) fol-
lowed their compensatory overexpression [98,99]. 
Therefore, an increase in [Ca2+]

cyt
 could be a 

major factor inducing oxysterol-related changes 
in morphology (remodeling) of cardiomyocytes 
and/or cell death.

Effects of oxysterols on cell morphology
Long-term (hours) exposure to oxysterols was 
demonstrated to cause alterations in cell mor-
phology  [14,15,92] and cell death  [2,16,34,89–91]. 
There are three types of cell death with char-
acteristic morphological aspects: type 1 (apop-
tosis); type 2 (autophagy) and type 3 (onco-
sis or necrosis)  [100]. In different cell types 
oxysterols induce both apoptosis and oncosis 
(necrosis) [3,16,101,102]. Mechanisms of apoptosis 
induced by oxysterols and the proportions of 
cells exhibiting apoptotic or oncotic responses 
depend on the cell type and the particular oxys-
terol. It is important to note that some oxysterols 
are capable of inflicting oncotic death by lysis in 
a matter of hours [16]. 

The type of muscle cell death associated with 
oxysterol treatment tends to be apoptotic (i.e., 
has more apoptic than oncotic changes)  [101]. 
However, autophagic cell death of human aor-
tic smooth muscle cells treated with 7-keto
cholesterol has also been reported [103]. The 
first changes in smooth muscle cell ultrastruc-
ture were visible within 4 h of incubation with 
25 µM 25-hydroxycholesterol [14]: chromatin 
condensation, an increased number of lyso-
somes and the emergence of arrays of tubular 
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membrane structures. After 24 h of treatment 
by different oxysterols, the cells began to lose 
ordered SR and Golgi membranes and to display 
blebs [14,15]. General swelling, a distinct feature 
of oncotic cell death, was not observed in the 
cells treated with oxysterols. It is not known 
whether the apparent loss of organized SR and 
Golgi membranes is a characteristic of apopto-
sis in oxysterol-induced cell death. However, 
swelling does not seem to be a dominant fea-
ture of these changes. Thus, despite the lack 
of some apoptotic features (such as budding 
and karyorhexis) oxysterol-induced cell death 
looks more apoptotic than oncotic. Recently, 
using in  situ DNA fragmentation assay, Saito 
et  al.  [35] confirmed this finding in vascular 
smooth muscle cells.

Future perspective
Gaps in our understanding of the 
mechanisms involved in atherogenesis 
Although coronary heart disease, ischemic 
heart disease, heart infarction and heart failure 
are among the most common complications of 
atherosclerosis, the specific mechanisms induc-
ing the complications remain unknown. The 
primary consequence hypothesis that links ele-
vated cholesterol to such dysfunction has been 
vascular, mainly focusing on the development 
of atherosclerotic changes in the local blood 

flow [78]. However, recent advances in the basic 
sciences have established a fundamental role for 
inflammation in mediating all stages of ath-
erosclerosis from initiation through progression 
and, ultimately, the thrombotic complications 
of atherosclerosis. These new findings provide 
important links between risk factors and the 
mechanisms of atherogenesis [78]. 

Elevation of inflammation markers predicts 
the outcomes of patients with acute coronary 
syndromes, and certain treatments that reduce 
coronary risk are also known to reduce inflam-
mation. However, in the case of lowering lip-
ids with statins, this anti-inflammatory effect 
does not appear to correlate with a reduction 
in LDL levels [78] (see [2]). While theoretically 
compelling, and supported by a considerable 
body of experimental evidence, the relevance 
of the LDL oxidation hypothesis to human 
atherosclerosis remains unproven [78]. Thus, 
one of the unresolved issues is the relationship 
between LDL oxidation and the inflamma-
tory theories in explaining the complications 
of atherosclerosis. However, LDL oxidation 
and inflammation are two facets of a single 
pathogenesis and we suggest that macrophage 
oxysterols can link these hypotheses [2]. Indeed, 
oxysterols could be produced in the inflamma-
tory cells from oxidation of cholesterol. These 
kinds of oxysterols have been demonstrated 
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Figure 4. Putative pathways for oxysterol effects on cardiomyocytes leading to their 
structural remodeling and/or death. Numbers in circles mark three waves of elevation 
of [Ca2+] in cytoplasm. Bim/LC8: Stable stoichiometric complex of Bim and LC8; 
MAPK: Mitogen-activated protein kinase; NCX: Na+/Ca2+ exchanger; ROS: Reactive oxygen species; 
SR: Sarcoplasmic reticulum. 
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to freely defuse from macrophages and 
could affect multiple cell functions near the 
atherosclerotic core region. 

Analysis of the literature and our preliminary 
data allow us to suggest that the major pathway 
for the effect of oxysterols involves an increase in 
diastolic [Ca2+] in the cytoplasm of cardiomyo-
cytes through Ca2+ empting of the SR followed 
by compensatory expression of additional Ca2+ 
channels into sarcolemma [7]. Figure 4 demon-
strates the putative pathways for the effect of 
oxysterols leading to cardiomyocyte malfunc-
tion and death. Early on, macrophages create a 
local but deleterious concentration of oxyster-
ols. These diffuse into cardiomyocytes, induce 
a reduction in SERCA activity and increase 
cytoplasmic [Ca2+]. The effectiveness of this 
elevation of cytoplasmic [Ca2+] depends on the 
oxysterol concentration and the timing. It is 
very doubtful that this first wave of cytoplas-
mic Ca2+ (marked with 1 in the circle) will be 
directly involved in cardiomyocyte remodeling 
and/or death. However, in the case of sustained 
exposure to oxysterols, it could activate mecha-
nisms leading to cell hypertrophy and/or death. 
First of all, Ca2+ could activate production of 
reactive oxygen species (ROS). Although some 
authors are skeptical regarding the role for oxy-
sterol-induced ROS in atherosclerosis [78], others 
consider ROS to be a major factor in oxysterol-
related cell damage [3]. Indeed, although low 
levels of ROS drive diverse and important cel-
lular functions, excessive ROS generation leads 
to both apoptotic and oncotic cell death [104–105]. 
This effect of oxysterols on ROS production was 
demonstrated to be mediated by high mitochon-
drial [Ca2+]  [105,107,108], which results from an 
increase in cytoplasmic [Ca2+] [109]. However, 
mechanisms of initiation of apoptosis by ROS 
are not clear yet. ROS can: first, directly injure 
cell membranes and cause cell death; second, 
enhance the disruption of the mitochondrial 
membrane due to mitochondrial Ca2+ over-
load; or third, induce apoptosis associated with 
activation of MAPKs [108,110–113]. Considerable 
work needs to be done in order to understand 
the relationship between ROS, oxysterols and 
calcium signaling in heart disease, but the initial 
evidence is exciting.

Another way to induce cell hypertrophy 
and/or death could depend on subsequent waves 
of increased cytoplasmic [Ca2+]. Corresponding 
pathways are marked with numbers in circles 
on Figure 4. Oxysterol-induced SR Ca2+ empty-
ing activates compensatory expression of sarcol
emmal Ca2+ channels and Na+/Ca2+ exchangers 

(NCX)  [98,99]. According to Seth et al. [98], the 
former significantly increases diastolic cytosolic 
[Ca2+]. That should increase SR [Ca2+] until nor-
mal values are reached; however, the latter (over-
expression of sarcolemmal NCX) results in exten-
sive Na+ input through Na+/Ca2+ exchangers that 
can significantly reduce mitochondrial [Ca2+] 
and, consequently, ATP production  [109,114]. 
Lack of ATP has to reduce SR [Ca2+] and results 
in additional increases in the levels of cytosolic 
[Ca2+]. If the increase in cytoplasmic [Na+] is not 
found sufficient to start the compensatory expres-
sion cycle again (and another wave of Ca2+ eleva-
tion) it could be important in preventing a Ca2+-
induced permeability transition, which results in 
swelling and disruption of cardiac mitochondria 
and release of cytochrome c [115].

In addition to but independent of the pro-
cess of increased long-term [Ca2+]

cyt
, high 

[Ca2+]
cyt

 can induce heart remodeling and death 

Stress, growth factors, 
ligands and cytokines

MKKKK

MKKK

MKK3 and MKK6 MKK4 and MKK7

p38 JNK

Transcription factors,
STAT1, ATF, c-Jun etc.

Apoptosis and hypertrophy

Figure 5. Representation of the activation 
of MAPKs, leading to cell hypertrophy 
and/or death. ATF: Activating transcription 
factor; c-Jun: Transcription factor;  
JNK: c-Jun NH2-terminal kinase;  
MKK: Mitogen-activated protein kinase kinase; 
MKKK: Mitogen-activated protein kinase  
kinase kinase; MKKKK: Mitogen-activated 
protein kinase kinase kinase kinase; 
p38: Mitogen-activated protein kinase p38; 
STAT: Signal transducer and activator of 
transcription protein.
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of cardiomyocytes through three other path-
ways (Figure 4): first, activation of calcineurin, 
which is involved in activation of compensa-
tory expression cycle [98,99], but also induce 
mitochondria-dependent apoptosis [3]; second, 
activation of some proapoptic MAPKs and 
inhibition of antiapoptic MAPKs; and third, 
promotion of proapoptotic Bim/LC8 unbind-
ing from the dynein motor complex and relo-
cation to the mitochondria, where it interacts 
with Bcl-2 [34,116]. Which of these three path-
ways is most harmful for cardiac cells remains 
to be elucidated. So far, the direct mechanisms 
underlying the long-term effects of oxysterols 
have not been investigated substantially in the 
heart. There is only one paper describing such 
an effect of cholesterol 5a,6a-epoxide and only 
on neonatal cardiac cells [27]. However, the data 
presented in the article only supported the exis-
tence of a direct toxic effect of oxysterols on car-
diac myocytes. Meanwhile, some indirect data 
suggest that oxysterols may play a significant 
role in the development of cardiomyopathy [30].

Most probable candidates for 
connecting long-term & rapid effects of 
oxysterols on cardiac cells 
The long-term (mainly morphological) and 
rapid effects of oxysterols must be connected. 
In our opinion, the most probable candidates 
for connecting them are Ca2+ and MAPKs [15]. 
Indeed, the fastest effect of oxysterols is to 
induce an increase in [Ca2+]

cyt
, and a similar 

increase in [Ca2+]
cyt

 was demonstrated to affect 
the activity of all three branches of the MAPK 
signaling pathway: c-Jun N-terminal kinase 
(JNK), p38, and extracellular signal-regulated 
kinase (ERK) [15,117]. Berthier et al. [34] demon
strated that the activation of ERK by oxyster-
ols is mediated by the Ca2+-dependent tyrosine 
kinase PYK2. Activation or inhibition of cer-
tain MAPKs (Figure  5) were demonstrated to 
be responsible for impairing cardiac contrac-
tile function, inducing heart hypertrophy and 
causing apoptotic cell death [5,82–85,87]. One can 
suggest that like other cell types, an oxysterol-
induced increase in [Ca2+]

cyt
 should also influ-

ence the activity of MAPKs in cardiac myocytes. 
MAPKs (p38 and JNK) were demonstrated to 
play significant role in apoptosis [5,85]. 

Another way for oxysterols to induce cell 
death is through the depletion of thapsigargin-
sensitive Ca2+ stores (i.e., SR) [15]. Indeed, low SR 
Ca2+ load itself was shown to induce apoptosis. 
There are two hypotheses that can explain the 
phenomenon of thapsigargin-induced apoptosis 

[118]. Long-term depletion of the SR Ca2+ pool 
might result in: first, disruption of protein pro-
cessing and transport within the SR/ER; and 
second, the release of an endonuclease respon-
sible for DNA fragmentation. Alternative path-
way for downregulation of protein synthesis 
leading to cell death is mitochondrial Ca2+ 
overload [115,119]. Thus, the mechanisms con-
necting oxysterol-induced SERCA inhibition 
and cell-death remain to be elucidated. 

Future perspective
Future research is needed to clarify the mecha-
nisms of atherosclerosis-related contractility 
disorders in the heart, as well as the pathways 
leading to atherosclerosis-induced cell death 
in all tissues located in close proximity to the 
atherosclerotic core region. New insights into 
the role of oxysterols in the development of heart 
complications of atherosclerosis will not only 
increase our understanding of inflammation-
induced heart complications and atherosclero-
sis progression, but will have practical clinical 
applications in risk stratification, the targeting 
of known therapies for the disease, and the 
development of new therapeutic strategies. 

Conclusion
New findings suggest that the heart muscle can 
develop dysfunctional Ca2+ cycling leading to 
cell death as a result of elevated serum choles-
terol derivatives, the oxysterols. This means that 
oxysterols could be one of the major factors pre-
cipitating morbidity in atherosclerosis-induced 
cardiac diseases and inf lammation-induced 
heart complications. The analysis presented 
here of current literature permits us to suggest 
that oxysterols could induce dysfunction of car-
diac cells through their effects on the cardiac SR 
Ca2+ signaling. Therefore, major efforts should 
be undertaken in the near future to elucidate the 
effects of oxysterols on: Ca2+ handling, Ca2+-
dependent activity of mitogen-activated protein 
kinases (MAPKs), and MAPK-related changes 
of cell ultrastructure in cardiomyocytes. 
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Executive summary

Oxysterols 
n	Oxysterols were demonstrated to have pathological effects on the cells.
n	Oxysterols can be produced by macrophages and diffuse to the neighbor cells.

Cardiac Ca2+ signaling 
n	Modulation of sarcoplasmic reticulum (SR) Ca2+ cycling mechanisms results in corresponding changes in the SR Ca2+ load, cytosolic Ca2+ 

and spontaneous SR Ca2+ release.
n	Defective SR Ca2+ cycling is responsible for defective excitation-contraction coupling in heart failure.

Atherosclerosis 
n	Production of oxysterols occurs in atherosclerotic plaques.
n	Although functional effects of oxysterols on a number of cell types have been described, their role in the morbidity of 

atherosclerosis-related cardiac diseases remains unknown.

Heart failure 
n	Inflammatory processes are directly involved in cardiac depression.
n	Macrophage oxysterols could be involved in the pathogenesis of early stages of heart failure.
n	Abnormalities in Ca2+ handling during heart failure are similar to those caused by oxysterols in muscle cells.

Oxysterol-induced changes in cell ultrastructure & function 
n	There are fast and long-term effects of oxysterols.
n	Oxysterols induce a fast Ca2+ emptying of the SR.
n	The type of cell death associated with oxysterol treatment tends to be apoptotic.

Future perspective 
n	Gaps in our understanding of the mechanisms involved in atherogenesis.
n	The most probable candidates for connecting long-term and fast effects of oxysterols are Ca2+ and mitogen-activated protein kinases.
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